The large-scale magnetic field of our Galaxy can be probed in three dimensions using Faraday rotation of pulsar signals. We report on the determination of 223 rotation measures from polarization observations of relatively distant southern pulsars made using the Parkes radio telescope. Combined with previously published observations, these data give clear evidence for large-scale counterclockwise fields (viewed from the north Galactic pole) in the spiral arms interior to the Sun and weaker evidence for a counterclockwise field in the Perseus arm. However, in interarm regions, including the solar neighborhood, we present evidence that suggests that large-scale fields are clockwise. We propose that the large-scale Galactic magnetic field has a bisymmetric structure with reversals on the boundaries of the spiral arms. Streaming motions associated with spiral density waves can directly generate such a structure from an initial, inwardly directed radial field. Large-scale fields increase toward the Galactic center, with a mean value of about 2 G in the solar neighborhood and 4 G at a galactocentric radius of 3 kpc.
INTRODUCTION
A diffuse magnetic field exists on all scales in our Galaxy. This field can be detected through observations of Zeeman splitting of spectral lines, of polarized thermal emission from dust at millimeter, submillimeter, or infrared wavelengths, of optical starlight polarization due to anisotropic scattering by magnetically aligned dust grains, of radio synchrotron emission, and of Faraday rotation of polarized radio sources (see Han & Wielebinski [2002] for a review). The first two approaches have been used to detect, respectively, the line-of-sight strength and the transverse orientation of magnetic fields in molecular clouds (e.g., Crutcher 1999; Novak et al. 2003; Fish et al. 2003) . Starlight polarization can be used to delineate the orientation of the transverse magnetic field in the interstellar medium within 2 or 3 kpc of the Sun.
Careful analysis of such data shows that the local field is mainly parallel to the Galactic plane and follows local spiral arms (e.g., Heiles 1996a). Since we live near the edge of the Galactic disk, we cannot have a face-on view of the global magnetic field structure in our Galaxy through polarized synchrotron emission, as is possible for nearby spiral galaxies (e.g., Beck et al. 1996) . Polarization observations of synchrotron continuum radiation from the Galactic disk (e.g., Reich et al. 2002) give the transverse direction of the field in the emission region and some indication of its strength. Large angular scale features are seen emerging from the Galactic disk, for example, the North Polar Spur (e.g., Junkes et al. 1987; Duncan et al. 1997 Duncan et al. , 1999 Reich et al. 2002) , and the vertical filaments near the Galactic center (Haynes et al. 1992; Duncan et al. 1998 ). There are also many small angular scale structures resulting from diffuse polarized emission at different distances, which are modified by foreground Faraday screens (Gaensler et al. 2001; Uyaniker & Landecker 2002; Haverkorn et al. 2003) .
Faraday rotation of linearly polarized radiation from pulsars and extragalactic radio sources is a powerful probe of the diffuse magnetic field in the Galaxy (e.g., Simard-Normandin & Kronberg 1980; Sofue & Fujimoto 1983; Lyne & Smith 1989; Rand & Kulkarni 1989; Han & Qiao 1994; Han et al. 1997; Indrani & Deshpande 1998; Frick et al. 2001) . Faraday rotation gives a measure of the line-of-sight component of the magnetic field. Extragalactic sources have the advantage of large numbers, but pulsars have the advantage of being spread through the Galaxy at approximately known distances, allowing direct three-dimensional mapping of the field. Pulsars also give a direct estimate of the strength of the field through normalization by the dispersion measure (DM ). The rotation measure (RM) is defined by
where is the position angle in radians of linearly polarized radiation relative to its infinite-frequency (k ¼ 0) value and k is its wavelength (in meters). For a pulsar at distance D (in parsecs), the RM (in radians per square meter) is given by RM ¼ 0:810
where n e is the electron density in paticles per cubic centimeter, B is the vector magnetic field in microgauss, and d l is an elemental vector along the line of sight toward us ( positive RMs correspond to fields directed toward us) in parsecs. With
we obtain a direct estimate of the field strength weighted by the local free electron density,
where RM and DM are in their usual units of radians per square meters and parsecs per cubic centimeter, respectively, and B k is in microgauss. Manchester (1972 Manchester ( , 1974 was the first to systematically measure a number of pulsar RMs and to use them to investigate the large-scale Galactic magnetic field. He concluded that the local uniform field is directed toward Galactic longitude l $ 90 . Thomson & Nelson (1980) modeled the magnetic field configuration to fit the 48 pulsar RMs available that time, and they confirmed the local field direction and also found evidence for a field reversal near the Carina-Sagittarius arm. After the large pulsar RM data set was published by Hamilton & Lyne (1987) , Lyne & Smith (1989) used 185 pulsar RMs to study the Galactic magnetic field and confirmed the field reversal found by Thomson & Nelson (1980) . Rand & Lyne (1994) observed 27 RMs of distant pulsars in the first Galactic quadrant and provided evidence for a clockwise field (viewed from the north Galactic pole) near the Crux-Scutum arm. These field directions were recently reexamined by Weisberg et al. (2004) , who used revised pulsar distances from the NE2001 electron density model (Cordes & Lazio 2002) , together with their 17 new RMs, and found evidence for several field reversals both exterior and interior to the solar circle. Han et al. (1999) observed 54 RMs and tentatively identified a counterclockwise field near the Norma arm, which was later confirmed by using the RM data discussed in this paper. More recently, Vallée (2005) has reanalyzed the available pulsar RM data and interpreted it in terms of an overall clockwise field with a counterclockwise ring of width $1 kpc and radius $5 kpc centered on the Galactic center.
Pulsar RMs have also been used to study the small-scale random magnetic fields in the Galaxy. Some pairs of pulsars, which are close in sky position and have similar DMs, have very different RMs, indicating an irregular field structure on scales about 100 pc (Lyne & Smith 1989) . Some of these irregularities may result from H ii regions in the line of sight to the pulsar (Mitra et al. 2003) . Rand & Kulkarni (1989) fitted the singlecell size model for the residuals of pulsar RMs after the RM contribution of the proposed large-scale ring-field structure was subtracted and obtained a strength for the random field B r $ 5 G. Ohno & Shibata (1993) analyzed the difference of RMs and DMs of pulsar pairs and concluded that B r $ 4 6 G independent of cell size in the range of 10-100 pc. In fact, the random fields exist on all scales. Han et al. (2004) have found the power-law distribution for magnetic field fluctuations as E B (k) ¼ C(k /kpc À1 ) À0:37AE0:10 at scales from 1/k ¼ 0:5 to 15 kpc, with C ¼ (6:8 AE 0:8) ; 10 À13 ergs cm À3 kpc, corresponding to an rms field of $6 G in the scale range. The interstellar magnetic field is stronger at smaller scales and may be strongest at the scales of energy injection by supernova explosions and stellar winds (1-10 pc).
The Parkes multibeam survey has discovered a large number of low-latitude and relatively distant pulsars Morris et al. 2002; Kramer et al. 2003; Hobbs et al. 2004) , providing a unique opportunity to probe the diffuse magnetic field in a substantial fraction of the Galactic disk with much improved spatial resolution. In addition, improved estimates of pulsar distances are available from the NE2001 electron density model (Cordes & Lazio 2002) . In this paper, we adopt a distance of the Sun from the Galactic center of R ¼ 8:5 kpc.
We have used the Parkes 64 m telescope of the Australia Telescope National Facility (ATNF) to observe the polarization properties of 270 pulsars, most of which were discovered in the Parkes Multibeam Pulsar Survey. After processing, we obtained 223 pulsar RMs, which we present in x 2. All available pulsar RM data have been used to reveal magnetic field directions along the spiral arms and in interarm regions, as presented in x 3. The field strength and its galactocentric radial dependence are analyzed in x 4. Our model for the large-scale Galactic field is discussed in x 5, and concluding remarks are in x 6.
PULSAR ROTATION MEASURES

Observations and Data Analysis
In observation sessions on 1999 December 12-17, 2000 December 14-19, and 2003 February 18-21, we made polarization observations at 20 cm wavelength of 270 pulsars using the central beam of the 13 beam multibeam receiver (StaveleySmith et al. 1996) on the Parkes 64 m telescope. The receiver is a dual-channel cryogenic system sensitive to orthogonal linear polarizations with system equivalent flux density of about 29 Jy. Depending on their mean flux density, pulsars were observed for 10-30 minutes at each of two feed angles, AE45
. For the first two sessions, signals centered on 1318.5 MHz with a bandwidth of 128 MHz were processed in the Caltech correlator (Navarro 1994) , which gives 128 lags in each of four polarization channels and folds the data synchronously with the pulsar period in up to 1024 bins per period. Because of low gain and other instrumental effects, the upper 5% and the lower quarter of the band were given zero weight, so that the effective bandwidth was about 90 MHz. For the 2003 session, a new wideband correlator with a bandwidth of 256 MHz centered at 1375 MHz and 4 ; 1024 lags was used. In all cases, the data were transformed to the frequency domain, calibrated to give Stokes parameters, dedispersed to form between 8 and 64 frequency subbands, and corrected for parallactic angle variations and ionospheric Faraday rotation; see Navarro et al. (1997) for details. The ionospheric RM was typically between À1 and À5 rad m À2 with a largely diurnal variation. The 2003 observations were processed using the PSRCHIVE software package (Hotan et al. 2004) .
In offline analysis, corresponding subbands from feed-angle pairs were added after normalization by the area of the Stokes I profile. Summing of the orthogonal feed-angle pairs eliminates most of the effects of polarization cross-coupling in the feed. To determine the rotation measure, we searched for a peak in the total linearly polarized intensity L ¼ (Q 2 þ U 2 ) 1 = 2 obtained by summing in frequency using a set of trial RMs, normally in the range of AE2000 rad m 2 with a step of about 20 rad m 2 . Then, using the RM value corresponding to the peak, the data were summed to form upper and lower band profiles. Finally, the best estimate of the RM was then obtained by taking the weighted mean position-angle difference across the profile between the two bands, with the weight inversely proportional to the square of the error in position-angle difference for each pulse phase bin. This procedure reduces the significance of the problem related to transitions between orthogonal modes discussed by Ramachandran et al. (2004) .
The RM Database
Rotation measures for 223 pulsars from the Parkes observations are listed in Table 1 . The first two columns give the pulsar name based on J2000.0 coordinates and, where assigned, the name based on B1950.0 coordinates. Columns (3)-(6) give the pulsar period, DM, and Galactic longitude and latitude. The pulsar distance given in column (7) is based on the pulsar DM and the NE2001 model for the Galactic distribution of interstellar electrons (Cordes & Lazio 2002) . For pulsars at distances greater than 5 kpc, Cordes & Lazio (2002) estimate that the derived distances have uncertainties of 10% in most of the fourth Galactic . The measured RM and its estimated standard error are given in the next two columns, and the final column gives the observing session for that pulsar.
Of the 223 RMs in Table 1 , nine are RMs of millisecond pulsars based on the present data set , which are included here for completeness. Excluding these, there are 27 pulsars in Table 1 for which previously published RM data exist. These 27 pulsars are listed in Table 2 showing that most of the new values are consistent with, and sometimes better than, previous measurements. Small significant differences may be real in some cases, reflecting a changing RM. In some previous measurements, ionospheric RMs have not been taken into account, also leading to differences of a few radians per square meter.
Four sources deserve particular comment. PSR J1116À4122 (B1114À41) has a very narrow and weakly polarized pulse. Both van Ommen et al. (1997) and Han et al. (1999) failed to get a good signal-to-noise ratio for the linear polarization to allow a reliable determination of the RM. Our integration time is longer, and we believe our new measurement is reliable. The rapid position-angle sweep occurring in the narrow pulse of PSR J1946À2913 was not well resolved by Han et al. (1999) . We observed with the full 1024 bin resolution and obtained a much better quality polarization profile and hence an improved value for the RM. The RM of PSR J2330À2005 seems to have steadily increased with time, from 9:5 AE 0:2 (P. A. Hamilton et al. 1981, unpublished) to 16 AE 3 (Hamilton & Lyne 1987 ) to 30 AE 7 rad m À2 (this paper). This suggests that the line of sight is traversing a very compact magnetoionic region. Our measured RM value for PSR J1757À2421 (B1754À24) is À9 AE 9 rad m À2 , compared with the value of +153 AE 12 rad m À2 given by Hamilton & Lyne (1987) . However, those authors said that the true RM for this pulsar could be smaller by 153 rad m À2 because of an unresolved ambiguity in their observations. Our measurement resolves this ambiguity and indicates that their value should be modified to 0 AE 12 rad m À2 , bringing the two values into good agreement.
We have used the ATNF Pulsar Catalogue 6 (Manchester et al. 2005 ) to obtain a total of 367 previously published RMs, principally from the major studies by Hamilton & Lyne (1987) , Rand & Lyne (1994) , Qiao et al. (1995 ), van Ommen et al. (1997 , Han et al. (1999) , Crawford et al. (2001) , Mitra et al. (2003) , and Weisberg et al. (2004) . Adopting the most reliable value for pulsars with multiple measurements, we obtain RMs for a total of 554 pulsars. Most of these have been corrected for the ionospheric RM, but, in any case, these corrections are small and do not significantly affect the analysis below for the magnetic fields in the Galactic disk.
The RM distribution projected onto the Galactic plane for low-latitude pulsars (jbj < 8 ) is shown in Figure 1 . Figure 2 shows the distribution projected onto the celestial sphere for high-latitude pulsars (jbj > 8 ), including 36 new measurements, which may be used to probe the magnetic fields in the Galactic halo (e.g., Han et al. 1997) . Pulsars with measured RMs now cover about one-third of the Galactic disk; our new data very significantly improve the coverage in the fourth Galactic quadrant. Many pulsars in the inner Galaxy are close to or beyond tangential points, which enables us to begin to distinguish fields in the arm and interarm regions.
Radio polarization surveys of the Galactic plane (e.g., Gaensler et al. 2001; Brown et al. 2003a ) provide many RMs for low-latitude extragalactic sources. These sample the entire path through the Galaxy and are especially useful for diagnosing the magnetic field in the outer Galaxy where there are few known pulsars. Figure 3 shows the distribution in Galactic longitude of RMs for both pulsars and low-latitude extragalactic sources.
LARGE-SCALE STRUCTURE OF MAGNETIC FIELDS
IN THE GALACTIC DISK Figure 1 clearly shows that there is large-scale order in the distribution of Galactic magnetic fields. Rotation measures are predominantly positive in the first Galactic quadrant (longitudes 0 -90 ) and negative in the fourth quadrant (270 -360 ), implying an overall counterclockwise field in the Galaxy. As we discuss further below, closer examination of the data shows that the field direction is reversed in certain regions, mostly between the spiral arms. For these large-scale fields, we can assume that, because of stretching due to differential Galactic rotation, the azimuthal component of the field, B , dominates over both the radial component, B r , and the vertical component, B z (Han et al. 1999) . Local bubbles that cover a significant solid angle on the sky (Vallée 1993) can result in an offset in the RM values for pulsars lying behind them; such offsets do not significantly affect our analysis. Although individual pulsars may be affected by incorrect distances or H ii regions along the line of sight, trends common to many pulsars average over these effects and give a reliable measure of the large-scale field.
As discussed by Lyne & Smith (1989) , , and Weisberg et al. (2004) , measuring the gradient of RM with distance or DM is a powerful method of determining both the direction and magnitude of the local large-scale field in particular regions of the Galaxy. Field strengths in different regions of the Galaxy can be estimated from the slope of trends in plots of RM versus DM since, from equation (4), we have where hB jj i d1Àd0 is the mean line-of-sight field component in microgauss between distances d 0 and
The location of spiral arms in our Galaxy is a subject of much debate (see Burton 1976; Russeil 2003 , for good summaries of the uncertainties). Based on observed tangent points (cf. Fig. 13 ) and locations of giant molecular clouds, H ii regions, and star formation complexes (Grabelsky et al. 1988; Solomon & Rivolo 1989; Bronfman et al. 1989; Dame et al. 2001; Georgelin & Georgelin 1976; Downes et al. 1980; Caswell & Haynes 1987; Russeil 2003) , we have adopted locations for the major spiral arms as shown in Figure 1 . These arms are approximately equiangular spirals with pitch angles of between À10 and À12 . While the locations (or even existence) of these arms is quite uncertain, especially in directions toward the Galactic center, most of the discussion in this paper is based on regions around the tangential points, which are reasonably well determined. Uncertainties in pulsar distances also have the least effect in these directions.
We have applied equation (5) to regions near the tangential points of the spiral arms as marked on Figure 4 where the largescale field and the lines of sight have maximum projections. For regions around Galactic longitude l $ 0 (and also 180 ), the large-scale field is nearly perpendicular to our line of sight and hence not measurable using Faraday rotation. We have taken all pulsars with RMs having errors of less than 25 rad m À2 with jbj < 8 and lying within 4 of the central longitude and within the distance ranges indicated on Figure 4 . The DM range corresponding to the adopted distance range was computed using the NE2001 model. We have determined RM-DM slopes using the robust straight-line fit method (see x 15.7 in Press et al. 1992) , which minimizes the effects of anomalous outliers in the plots due, for example, to H ii regions (Mitra et al. 2003) , to give the mean field hB k i within the region. The uncertainty of hB k i is determined from the absolute mean deviation of RMs from the fitted line together with the average of DMs of pulsars in the region. We reject any fits if the uncertainty, 7 , is greater than 1 G or if hB k i has a significance of less than 2 . Similar fits have been made to interarm regions as indicated in Figure 4 . For completeness, we briefly review previously published results for the large-scale magnetic field in the local region and near and beyond the Perseus arm.
The Norma Spiral Arm
The large-scale field in the Norma arm, the innermost identified arm in the Galaxy, has been discussed in detail by based on the present data set but using distances based on the Taylor & Cordes (1993) electron density model. Here we analyze the data with distances based on the NE2001 electron density model. Figure 5 shows RMs as a function of distance and DMs for low-latitude pulsars lying near l ¼ 18 and 335
. The fitted lines for distances between 6 and 10 kpc are within the Norma arm (see Fig. 4 ). The line between 3 and 5 kpc at l ¼ 335 corresponds to the adjacent interarm region and is discussed in x 3.4. It is clear that the conclusions of are maintained. The RM gradient for pulsars between 6 and 10 kpc from the Sun is positive for l ¼ 18 and negative for , showing that the magnetic field is coherently counterclockwise along the arm across both quadrants. Even more negative RMs for extragalactic sources around l ¼ 330 (see Fig. 3 , data from Gaensler et al. [2001] ) indicate that the counterclockwise field in the Norma arm is maintained beyond 10 kpc from the Sun in this direction.
The Crux-Scutum Arm
The present observations have provided a large number of new RMs in the regions near the tangential point of the Crux arm (Fig. 1) . In this arm, near l ¼ 310 , the RMs are mostly negative, whereas those around l ¼ 32 , passing along the Scutum arm, are mostly positive, clearly indicating a counterclockwise field in the whole of the Crux-Scutum arm. The variation of RM with distance and DM is shown for pulsars in these directions in Figure 6 . For l ¼ 310 there is a clear decrease in RM with increasing distance through the Crux arm, indicating a large-scale field directed away from the Sun. There is a corresponding increase in RM for pulsars more distant than 3 kpc lying along the Scutum arm. This tendency is also seen in the data of Weisberg et al. (2004; their Fig. 8) . These results are then consistent with a counterclockwise large-scale field through the whole of the Crux-Scutum arm.
The Carina-Sagittarius Arm
It is clear from Figure 1 that the Sagittarius arm is dominated by positive RMs that increase with distance, indicating a counterclockwise field in this arm. This is also shown by Figure 7 where there is a clear trend for RMs of pulsars at longitudes near 47 in the distance range 2-7 kpc to increase with distance (cf. Fig. 6 of Weisberg et al. [2004] ). In this case, the adopted tangential longitude is somewhat inside that for an equiangular spiral (cf. Fig. 4 ), but it is consistent with the arm location adopted by Cordes & Lazio (2002) . The evidence for a counterclockwise field in this arm has been discussed by many previous authors (e.g., Lyne & Smith 1989; Han & Qiao 1994; Indrani & Deshpande 1998; Weisberg et al. 2004) .
The Carina arm is evidently more complicated. Figure 7 shows a plot of RM versus distance and DM for pulsars within 4 of l ¼ 288 . Between 1 and 3 kpc from the Sun, RMs in this direction are increasingly negative, consistent with a continuation of the counterclockwise field from the Sagittarius arm (see also Frick et al. 2001) . However, as Figure 1 shows, the newly determined RMs for distant pulsars through the Carina arm are unexpectedly positive. At distances greater than 4 kpc, there is a large scatter in the RM versus distance and DM plots (Fig. 7) , but a fit to the data again shows a negative slope indicating a counterclockwise field in the outer parts of this arm. The offset of about +500 rad m À2 between the two lines indicates a region of reversed field between 3 and 5 kpc from the Sun. The origin of this ''Carina anomaly'' is not clear, but there are many large H ii regions in this region that could have a significant influence on the RMs of pulsars lying behind them. This anomalous region may also account for the group of large positive RMs for very distant pulsars with longitudes between 290 and 295 ( Fig. 1) .
Interarm Regions in the Inner Galaxy
In the first Galactic quadrant, it is difficult to separate arm and interarm contributions because of the small separation of the arms. A group of very negative RMs for pulsars between longitudes 15 and 20 and lying just beyond the Scutum arm ( Fig. 1 ) was taken by Rand & Lyne (1994) as evidence for a clockwise field near or beyond the Scutum arm, a result adopted by Han et al. (1999) and Weisberg et al. (2004) . Figure 8 shows RM plots for several interarm regions. Three positive RMs for pulsars around l $ 55 at about 7.5 kpc (Fig. 1 ) hint at a counterclockwise field between the Sagittarius arm and the pulsars, although one of them (PSR J1927+1852) has a large RM uncertainty (417 AE 70) and been omitted in Figure 8 . Obviously, this result is of very low statistical significance.
The situation is better in the fourth quadrant where we have a large number of new RMs and there is a larger separation of the arms making distance uncertainties less important. Figure 5 shows that the RM is increasing between 3.5 and 5.5 kpc for l ¼ 335 , suggesting a clockwise magnetic field between the Crux and Norma arms. Similarly, an increasing RM between 2 and 4 kpc in Figure 6 indicates the clockwise field between the Carina and Crux arms. Figure 8 shows the distance and DM dependence of RMs of more distant pulsars in the interarm regions between the Carina, Crux, and Norma arms. For l ¼ 300 there is a clear tendency for increasing RM with distance between 3 and 7 kpc, suggesting a clockwise field in the region between the Carina and Crux arms. Similarly, RMs for pulsars lying between 5 and 8 kpc in the direction l ¼ 323 show a positive trend, increasing from very negative values at 5 kpc to positive values at 8 kpc. This again suggests a clockwise field in this interarm region. Figure 9 gives an expanded view of the RM distribution in the local region, i.e., within $3 kpc of the Sun. The large-scale field in the local interarm region, i.e., between the Carina-Sagittarius arm and the Perseus arm, has long been known to have a clockwise direction (e.g., Manchester 1974), with mostly negative RMs for longitudes within 30 of l ¼ 90 and mostly positive for longitudes within 30 of l ¼ 270 . A few new RM measurements around l ¼ 270 reinforce this conclusion. As discussed above, pulsars in the Carina and Sagittarius arms have different RM signs from those in the interarm region, clearly indicating a reversal of the large-scale field between the arm and interarm regions. Han & Qiao (1994) and Indrani & Deshpande (1998) have modeled the field in this region as a bisymmetric spiral after taking into account local anomalies resulting from bubbles and H ii regions (Vallée 1993) . The pitch angle of the spiral field is À8 AE 2 , close to the value of spiral arms, and its strength is about 1:8 AE 0:3 G (Han 2001). Similar conclusions were reached by Frick et al. (2001) , but they derived a steeper pitch angle, $À14 .
The Local Region
The Outer Galaxy
The direction of the magnetic field in the Perseus arm cannot be established with any certainty. Rotation measures for distant pulsars and extragalactic sources are strongly negative between longitudes of 80 and 150 (Figs. 1 and 3 ). This has been used by many authors (e.g., Brown & Taylor 2001; Brown et al. 2003b; Mitra et al. 2003) to argue for an absence of any reversals in the outer part of the Galaxy, through and beyond the Perseus arm. In any case, it seems clear that the interarm fields both between the Sagittarius and Perseus arms and beyond the Perseus arm are predominantly clockwise. Few pulsars are known in the outer parts of the Galaxy, making determination of the field structure difficult and uncertain. In addition, for longitudes between roughly 130 and 210
, our line of sight is nearly perpendicular to the spiral structure, so RMs are not sensitive to the dominant longitudinal or spiral field component. A group of four positive RMs around l $ 70 80 were used by Han et al. (1999) and Weisberg et al. (2004) to argue for a counterclockwise magnetic field in the Perseus arm, reversed from the local clockwise field. Based on extragalactic RMs, Frick et al. (2001) also concluded that the field in the Perseus arm is counterclockwise. However, as Figure 10 shows, there is a weak but apparently significant decrease of RM with increasing DM beyond $6 kpc, indicating a clockwise field exterior to the Perseus arm. In addition, the predominantly negative RMs of extragalactic radio sources around l ¼ 75 (see Fig. 3 ), in contrast to positive RMs of pulsars in or near the Perseus arm, suggest that magnetic fields exterior to the Perseus arm are clockwise. The pulsar distance scale is quite uncertain in this region, and it is possible that the four pulsars actually lie ( just) beyond the Perseus arm.
MAGNETIC FIELD STRENGTH
Various authors have suggested that the large-scale magnetic fields in the Galactic disk are stronger toward the Galactic center (e.g., Sofue & Fujimoto 1983; Rand & Lyne 1994; Heiles1996b) . Such a radial variation has been derived from modeling of the Galactic synchrotron emission (E. M. Berkhuijsen 1995, unpublished but cited in Beck et al. [1996] ) and the Galactic -ray background by Strong et al. (2000) . In the local region, measurements of the mean field strength give values of 1:5 AE 0:4 G (Han & Qiao 1994; Indrani & Deshpande 1998) , whereas find a value of 4:4 AE 0:9 G in the Norma arm. With the much extended pulsar RM data now covering about one third of the Galactic disk, we are better able to investigate the dependence of field strength on galactocentric radius.
Taking the field strengths for directions in the inner Galaxy and the local field strength from Han & Qiao (1994) , and correcting for the angle between the assumed dominant azimuthal field direction and the line of sight, we obtain the field strengths shown in Figure 11 as a function of galactocentric radius. Although uncertainties are large, there are clear tendencies for fields to be stronger at smaller galactocentric radii and weaker in interarm regions.
To parameterize the radial variation, we tried fitting different functions to the data: a constant (Rand & Kulkarni 1989; Han & Qiao 1994) , a 1/R function (Sofue & Fujimoto 1983) , a linear gradient, and an exponential function (Strong et al. 2000) . The exponential function not only gives the smallest 2 value but also avoids the singularity at R ¼ 0 (for 1/R) and unphysical values at large R (for the linear gradient). The fitted function shown in Figure 11 is
with the strength of the large-scale or regular field at the Sun, B 0 ¼ 2:1 AE 0:3 G, and the scale radius R B ¼ 8:5 AE 4:7 kpc.
GLOBAL STRUCTURE OF MAGNETIC FIELDS IN THE GALACTIC DISK
Although there remain considerable uncertainties in several regions, a striking pattern emerges from the above discussion: large-scale magnetic fields in spiral arms are counterclockwise (viewed from the north), but in the interarm regions the fields are clockwise. Figure 12 summarizes the evidence for this bisymmetric global pattern, which is mainly based on the field directions near the tangential points derived in x 3. These data are relatively insensitive to uncertainties in the pulsar distance scale or errors in distances to individual pulsars.
To further quantify this evidence, we have used equation (5) to compute the mean line-of-sight field strength in regions tangential to an equiangular spiral pattern of pitch angle À11
. The locus of these tangential points is shown in Figure 12 . At 4 intervals of longitude, the RM versus DM dependence was determined by a least-squares fit of a line to data for pulsars with jbj < 8 lying within a box of longitude width 8 centered on the tangential point. The ends of the box were defined by the points at which the spiral through the tangential point reached a longitude that is 4 from the longitude of the tangential point, typically 1-2 kpc from the tangential point. RMs with uncertainties greater than 30 rad m À2 were omitted from the fits. Figure 13 shows mean tangential fields determined in this way, plotted as a function of Galactic longitude. We emphasize that the pulsar samples used to compute these mean fields are uniformly selected according to above criteria and that they are independent of any model for the large-scale structure.
Also plotted in Figure 13 is the mean line-of-sight field strength from a simplified model of a bisymmetric spiral field of pitch angle À11
, which is counterclockwise within spiral arms and clockwise in the interarm regions. A rectangular field variation with galactocentric radius was assumed, with discontinuous changes in field direction at the arm-interarm boundaries. The arm width was assumed to be equal to the interarm width. Both arm and interarm fields were assumed to vary according to equation (6) with a scale radius of 8.5 kpc and a strength at R ¼ 8:5 kpc of 2.1 G. For each longitude, the mean field was computed over a path centered on the tangential point with end points defined as described above, thereby modeling the procedure used to compute the observed mean fields.
While there remains considerable uncertainty in many of the derived field strengths, overall there is very good agreement between the field directions predicted by the bisymmetric model and those from the data, giving strong support to this model for the large-scale field in the Galaxy. The only places where there is substantial disagreement between the observed and modeled Fig. 12. -Global pattern of magnetic field directions inferred from RM-DM fits to the pulsar data and assuming an overall spiral pattern for the large-scale field. Field directions in the local region (<3 kpc from the Sun) and in the Perseus arm were taken from previous studies (e.g., Han & Qiao 1994; Indrani & Deshpande 1998 ) (see text). The dashed circle is the locus of tangential points for equiangular spirals of pitch angle À11
. [See the electronic edition of the Journal for a color version of this figure. ] Fig. 13. -Mean line-of-sight field strengths derived from RM vs. DM gradients for pulsars lying near the tangent points of an equiangular spiral pattern of À11 pitch angle as a function of Galactic longitude. Points are plotted at the mean longitude of the pulsars lying within a defined region, and the crosses represent the rms scatter of longitude and mean field. Tangent points for spiral arms in the inner Galaxy based on observational data (Grabelsky et al. 1988; Solomon & Rivolo 1989; Bronfman et al. 1989; Dame et al. 2001; Georgelin & Georgelin 1976; Downes et al. 1980; Caswell & Haynes 1987; Englmaier & Gerhard 1999; Drimmel 2000; Russeil 2003) fields are the Carina region around l ¼ 280 and the ScutumSagittarius interarm region around l ¼ 45
. As discussed in x 3.3, mean field strengths over most of the Carina arm are in accordance with the model, but there is a region of reversed field around the tangential point-the Carina anomaly-which dominates the fits shown in Figure 13 for this region. The apparently discrepant point near l ¼ 45 can be accounted for by an inward shift of the Sagittarius arm compared to the equiangular spiral model as discussed in x 3.3.
The model of large-scale fields following the spiral arms is inconsistent with ring models proposed by Rand & Kulkarni (1989) , Rand & Lyne (1994) , and Vallée (2005) for RMs of pulsars, which interpret the field structure as azimuthal within concentric rings centered on the Galactic center, which was one option tried by Simard-Normandin & Kronberg (1980) for RMs of extragalactic radio sources. Figure 14 illustrates the models of Rand & Kulkarni (1989) and Rand & Lyne (1994) with clockwise fields between galactocentric radii of 3.5 and 5.5 kpc and between 8.0 and 12.5 kpc. In the middle ring between 5.5 and 8.0 kpc the fields are counterclockwise. Based on a statistical analysis of previously published pulsar RM data, Vallée (2005) has recently proposed a very similar model with counterclockwise fields between 5 and 7 kpc and clockwise fields elsewhere.
These ring models are obviously dominated by the positive RMs of pulsars in the Sagittarius arm and the negative RMs of pulsars in the Crux arm. While they were reasonably consistent with earlier observations in the inner and outer rings, they are inconsistent with the new observations, especially for the inner ring around longitudes of 330 (Norma arm). The regular reversals of field direction from the arm to interarm regions suggested by Figure 13 are also inconsistent with the axisymmetric field model of Vallée (1996) .
Previous bisymmetric models for the large-scale structure (e.g., Han & Qiao 1994; Indrani & Deshpande 1998) have considered configurations in which the field has opposite sign in alternate spiral arms, and consequently half as many reversals as a function of galactocentric radius as the model presented here. These models were primarily based on RMs for pulsars in the local region, which is fine within $3 kpc of the Sun. With the new RM data set now available, it is clear that this type of model does not fit the data in a larger region.
While there are many caveats regarding pulsar distances and the locations of spiral arms in the Galaxy, we believe that the evidence presented here is strongly suggestive that the largescale magnetic field in our Galaxy has a bisymmetric form with counterclockwise fields in the spiral arms and clockwise fields in the interarm regions. Even with our increased sample, field strengths are poorly determined in many regions, and a larger number of pulsar RMs would obviously help. The NE2001 pulsar distance model is based on a large suite of measurements and is believed to be statistically accurate to 5% or 10% in most directions (Cordes & Lazio 2002) . Individual distances may be in error by much more than this, but, as discussed above, the effect of such errors is minimized by the averaging procedure used to determine mean field strengths and directions. The effect of uncertainties in the locations of spiral arms is also minimized by our emphasis on field measurements around the tangential points. However, it does affect the interpretation in interarm regions to a greater extent. One could reverse the problem and argue that the observed continuity of field directions over large sections of the assumed spiral arms is evidence for their reality.
Streaming motion in the Galactic disk associated with the spiral structure (e.g., Shane & Bieger-Smith 1966) provides a simple mechanism for producing fields of opposite sign in the arm and interarm regions. In classical density wave streaming (e.g., Neininger 1992), peak tangential velocities are against the direction of rotation on the inner edge of the arm (causing a pileup of gas in the arm) and with the direction of rotation on the outer edge of the arm (resulting in low interarm densities) (e.g., Rohlfs 1977; Adler & Westpfahl 1996) . A frozen-in, initially radial, field will therefore be aligned with the spiral pattern with oppositely directed fields in the arm and interarm regions. For our Galaxy, an initially inwardly directed radial field will become clockwise in the interarm regions and counterclockwise in the arms. This idea appears related to the simulations of Gómez & Cox (2004) , who find that an initially azimuthal field has reversed pitch angles in the arm and interarm regions. Spiral arms are narrower than the interarm regions (e.g., Adler & Westpfahl 1996; Cox & Gómez 2002) . We have shown in Figure 11 that interarm field strengths are less than those in spiral arms. Therefore, in this model it is quite possible for the Galaxy as a whole to have zero net magnetic flux.
Even if the Galaxy has zero net magnetic flux, RMs for extragalactic sources will tend to be dominated by the spiral arm fields because of the combination of stronger fields and higher electron densities in the arms. Especially where the path crosses several arms, the effect of the reversed fields in the interarm regions will not be obvious. Only pulsars with their distance discrimination can clearly show these reversed fields. Similarly, if external galaxies have the same field structure as we propose for our Galaxy, RM measurements are likely to be dominated by the spiral arm fields when the resolution is not high enough, leading to the erroneous conclusion that the field is axisymmetric (e.g., Krause & Beck 1998 ).
CONCLUSIONS
Pulsars have unique advantages as probes of the large-scale Galactic magnetic field. Their distribution throughout the Galaxy at approximately known distances allows a true three-dimensional mapping of the large-scale field structure. Furthermore, combined with the measured DMs, pulsar RMs give us a direct measure of the mean line-of-sight field strength along the path, weighted by the local electron density.
We have measured RMs for 223 pulsars, most of which lie in the fourth and first Galactic quadrants and are relatively distant. These new measurements enable us to investigate the structure of the Galactic magnetic field over a much larger region than Fig. 1 ) with field directions according to the concentric ring models of Rand & Kulkarni (1989) , Rand & Lyne (1994) , and Vallée (2005) . [See the electronic edition of the Journal for a color version of this figure.] was previously possible. Clear evidence is found for coherent large-scale fields aligned with the spiral arm structure of the Galaxy. In all of the inner arms (Norma, Crux-Scutum, and Carina-Sagittarius) there is strong evidence that the large-scale fields are counterclockwise when viewed from the north Galactic pole. Weaker evidence also suggests that a counterclockwise field is present in the Perseus arm. On the other hand, at least in the local region and in the inner Galaxy in the fourth quadrant, there is good evidence that the fields in interarm regions are similarly coherent, but clockwise in orientation. Evidence is also presented that large-scale magnetic fields are stronger in the inner part of the Galaxy and that fields in interarm regions are weaker than those in spiral arms.
We therefore propose a bisymmetric model for the large-scale Galactic magnetic field with reversals on arm-interarm boundaries so that all arm fields are counterclockwise and all interarm fields are clockwise. This model for the Galactic magnetic field is appealing in its simplicity. It receives strong support from an objective analysis of mean line-of-sight fields near tangential points of an equiangular spiral. However, it clearly needs to be backed up by further observational work and by modeling of the effects of streaming motions on various initial field configurations. It is possible that the mode of initial field formation is not critical in determining the dominant present-day structure. Further RM observations, especially for interarm regions and especially in the first Galactic quadrant, would be especially valuable.
